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The search for an effective method for accurate, automated enzyme-functional annotation of protein
sequences of unknown function is, in the minds of many, a Grail quest. Computational chemists, structural
biologists, and mechanistic enzymologists now have teamed together to formulate an integrated, stepwise
approach to enzyme function annotation (Kalyanaraman et al., 2008).Studies of the evolution of enzyme cataly-
sis have become an obsession for many
enzymologists, who, in the process of
discovering novel catalytic functions,
take on the persona of Sherlock Holmes
as their brains search for and link clues
from structure, mechanism, protein part-
ners, transcriptional regulation, and gene
context in order to imagine the unknown.
The original goal—to understand how
new enzyme activities evolve in nature—
has rapidly been transformed in the
‘‘omics’’ era into the more practical objec-
tive of annotating protein sequence data-
bases. With the ever-increasing economy
of whole genome sequencing, the genetic
diversity that defines life will ultimately be
represented by a massive database of
gene sequences. The chemistry that
allows an organism to grow, multiply,
and adapt is mediated by its encoded
enzymes. To know its genes is to know
the organism’s repertoire of chemical cat-
alysts. However, the link that connects
enzyme sequence with catalytic function
is missing.
This brings us to the present day
dilemma. Despite both the vast number
of three-dimensional structures that have
been solved and deposited in the PDB
and the structure-function data mining
tools now available to investigate se-
quence and structure, the actual process
of linking sequence to a novel catalytic
function is nevertheless slow and ardu-
ous. Automated sequence annotation
does not deal with the issue of new func-
tion discovery. Moreover, sequences are
frequently misannotated, a problem that
is compounded by annotation transfer.
Accurate functional annotation has largely
fallen onto the shoulders of individual in-
vestigators who have adopted a particular
enzyme superfamily for in-depth struc-ture-function analysis (Glasner et al.,
2006; Khersonsky et al., 2006). These
‘‘mom-and-pop’’ operations have led to
the discovery of many new enzyme func-
tions that, in turn, can be used in the
annotation of orthologs, recognized on
the basis of high sequence identity and/
or gene context. However, despite these
successes, the number of sequences
that remain to be correctly annotated is
staggering.
Very recently, specialists in both exper-
imental and computational approaches
for enzyme function discovery have joined
forces to apply an integrated approach to
the problem (Hermann et al., 2007; Song
et al., 2007). In this issue of Structure,
Kalyanaraman et al. (2008) demonstrate
just how powerful such an approach can
be and, in doing so, shine a light on a
promising future for enzyme function
annotation. These authors describe an
effective stepwise approach that begins
with the bioinformatics-based target
selection of TM0006 from Thermotoga
martima, whose function was misanno-
tated as muconate cycloisomerase in
GenBank. The effort culminates in the
successful determination of the novel cat-
alytic function of TM0006 as L-Ala-D/L-X
epimerase (X: Phe, Tyr, His).
Initially, a sequence homology search
identified TM0006 as a member of the
enolase superfamily. Earlier in-depth
structure-function analysis of this large
and functionally diverse superfamily
provided these investigators with a foot-
hold (Glasner et al., 2006; Gerlt et al.,
2005). Members of the enolase superfam-
ily catalyze the a-proton abstraction reac-
tions of the carboxylic acid substrates by
stabilizing the enolate anion intermediate
using a metal cofactor. The enzymes in
this superfamily are composed of a highlyStructure 16, November 12, 2008 ªconserved (b/a)7b-barrel ‘‘core’’ domain
and a highly conserved a + b ‘‘capping’’
domain comprised of elements from
both the N and C termini. Two loops
from the capping domain interact with
substrate bound in the active site of the
core domain. The catalytic scaffold of
the core domain includes three conserved
metal-ion binding residues; however, the
identity and position of the general base
divides the superfamily into three subfam-
ilies, named after the prototypes mande-
late racemase, muconate lactonizing
enzyme (MLE), and enolase.
The MLE subfamily is functionally
diverse, and it is to this subgroup that
TM0006 belongs. The catalytic functions
of the MLE subfamily known at the outset
of this study are MLE, N-succinyl amino
acid racemase, o-succinylbenzoate syn-
thase, and L-Ala-D/L-Glu epimerase
(AEE). AEE is the founding member of
a clade of putative dipeptide epimerases
that includes TM0006. By using the X-ray
structure of the Bacillus subtilis AEE in
complex with L-Ala-L-Glu as the tem-
plate, these investigators constructed
homology models for over 100 proteins
of the AEE clade. Next, a virtual screen
of 400 possible L/L peptides was carried
out to identify the clade members that de-
viate from AEE in the physico-chemical
properties of their dipeptide-binding sites.
One group of sequences was predicted to
epimerize positively charged dipeptides;
another group, to which TM0006 belongs,
was predicted to epimerize hydrophobic
dipeptides. The top hits among the 400
docked L/L peptides guided the experi-
mental screening of L/L dipeptide libraries
by mass spectroscopy, the results of
which were used to prioritize the choices
of dipeptides for steady-state kinetic
evaluation. Substrate ranking based on2008 Elsevier Ltd All rights reserved 1599
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The final step in this elegant analysis8 Elsevier Ltd All rights reservedprotocol was to confirm the accuracy of
the TM0006 homology model, as well as
the docked structures, through the
determination of the crystal structures of
apo TM0006 and TM0006 complexes
formed with L-Ala-L-Phe, L-Ala-L-Leu,
and L-Ala-L-Lys.
The beauty of this success story lies in
the synergy in the team approach that
was used to address enzyme function
annotation. It is particularly gratifying to
see the technology that drives drug dis-
covery (protein modeling, ligand docking,
and library screening) applied toward the
discovery of the chemistry that defines
life, and to be reminded once again of
the importance of basic research. Indeed,
the development of the flow chart to
enzyme function annotation approach
(Figure 1) described in the paper by Kalya-
naraman et al. (2008) required a funda-
mental understanding of how enzymes
evolve new function.REFERENCES
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and Gerlt, J.A. (2007). Nat. Chem. Biol. 3, 486–491.Figure 1. A Flow Chart Illustrating the Integrated, Stepwise Approach Used in the TM0006
Function Annotation
Reported by Kalyanaraman et al. (2008).
